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SorghumVolatile organic compounds (VOCs) emitted by plant roots have important functions that can inﬂuence the
rhizospheric environment. The aim of this study was to examine the effects of arbuscular mycorrhizal (AM)
fungi on the proﬁle of root VOCs. Sorghum (Sorghum bicolor) plants were grown in pots inoculated with either
Glomus mosseae or Glomus intraradices, which formed mycorrhiza with the roots. Control plants were grown in
pots inoculated with sterile inoculum and did not form mycorrhiza. Forty-four VOCs were determined using
headspace solid-phase microextraction (HS-SPME) and gas chromatography–mass spectrometry (GC-MS).
Alkanes were the most abundant type of VOCs emitted by both mycorrhizal and non-mycorrhizal plants. Both
the quantity and type of volatiles were dramatically altered by the presence of AM fungi, and these changes
had species speciﬁcity. Compared with non-mycorrhizal plants, mycorrhizal plants emitted more alcohols,
alkenes, ethers and acids but fewer linear-alkanes. The AM fungi also inﬂuenced the morphological traits of
the host roots. The total root length and speciﬁc root length of mycorrhizal plants were signiﬁcantly greater
than those of non-mycorrhizal plants; however, both the incidence and length of root-hair were dramatically
decreased. Our ﬁndings conﬁrm that AM fungi can alter the proﬁle of VOCs emitted by roots as well as the root
morphology of sorghum plants, indicating that AM fungi have the potential to help plants adapt to and alter
soil environments.
© 2013 SAAB. Published by Elsevier B.V. All rights reserved.1. Introduction
Many interactions between organisms are based on the emission
and perception of volatiles (Wenke et al., 2010). Individual scent
compounds or bouquets of odors are essential and suitable for inter-
and intra-species recognition, attraction, and defense in their respective
ecological niche because they can be detected in small amounts by the
organisms and diffuse over long distances in the atmosphere. Until
recently, most of the research on volatiles has focused on organisms
that live aboveground or the aerial parts of plants because it is easier
to study volatiles that diffuse over long distances in the atmosphere
than those that diffuse through the soil (Laothawornkitkul et al., 2009;
Wenke et al., 2010).
However, in addition to the volatiles emitted by the aerial parts of
plants, roots normally release a complex mixture of chemicals as well.
By emitting volatile metabolites underground, plants can directly or
indirectly inﬂuence the community of soil-dwelling organisms by
attempting to defend themselves against herbivores and plant pathogen-
ic fungi and bacteria, supporting beneﬁcial symbioses, and combating
competitive plant species (Nardi et al., 2000). A blend of unidentiﬁed
root volatiles emitted by Echinacea angustifolia have been shown toing, Shaanxi 712100, PR China.
ngm@nwsuaf.edu.cn (M. Tang).
y Elsevier B.V. All rights reserved.have allelopathic effects on a range of different plant species such as
Lactuca sativa, Panicum virgatum and Sporobolus heterolepis (Viles and
Reese, 1996). Given that the microbial community in the rhizosphere is
usually limited by carbon availability, carbon-containing root volatiles
can be an important carbon and energy source (Kleinheinz et al., 1999;
Owen et al., 2007). A direct correlation has been shown between the
composition of volatiles and the choice of host plants, either carrot
roots (Daucus carota ssp. sativus) or oak roots (Quercus sp.), by the larvae
of the forest cockchafer Melolontha hippocastani (Weissteiner and
Schütz, 2006). These studies all indicate that root-emitted compounds
can play important and diverse roles in the rhizosphere (Lin et al.,
2007; Wenke et al., 2010).
Changes in essential oils (Copetta et al., 2006; Gupta et al., 2002;
Kapoor et al., 2004; Khaosaad et al., 2006; Prasad et al., 2011) and the
emission of aboveground volatile organic compounds (VOCs) (Leitner
et al., 2010; Rapparini et al., 2008; Strack et al., 2003) has been docu-
mented in a few plants in response to mycorrhization. However, the
effect of AM on volatiles emitted by live roots has not been explored
to date. Leitner et al. (2010) studied the inﬂuence of mycorrhization
on herbivore-induced volatile emission in the aboveground parts of
Medicago truncatula. They found that the overall pattern of VOC emis-
sion was quite similar in mycorrhizal and non-mycorrhizal plants
when the plants were undamaged but that some differences could be
observed when the plants were damaged by herbivory. Similarly,
Khaosaad et al. (2006) also found that although mycorrhization can
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parts, these changes depend on the genetic background of the plant.
Changes in essential oils induced by arbuscular mycorrhizal (AM)
fungi have been shown to depend not only on the temporal progression
of the interaction but also on the fungal species involved (Larose et al.,
2002).
Fungi are also capable of emitting a diverse array of VOCs, including
many that are not commonly produced by plants (Leff and Fierer, 2008).
Larsen and Frisvad (1995) investigated the VOC production of 47
different taxa within the genus Penicillium and identiﬁed 196 different
volatile metabolites. Trufﬂes can emit up to 200 volatile metabolites
(Buzzini et al., 2005). Bäck et al. (2010) demonstrated that the VOCs
emitted by eight fungi typical of the fungi occurring in boreal forest
soils comprised 27 compounds. The fungal VOCs identiﬁed in these
studies comprised a variety of compounds, including alcohols, esters,
ketones, alkenes, and aromatic compounds.
AM fungi are an integral part of terrestrial ecosystems given that
they form symbiotic associations with more than 90% of plant species.
The most prominent contribution of these fungi to plant growth is
mainly the uptake of phosphorus and other elements by extraradical
mycorrhizal hyphae, and transference to the root tissues (Giri and
Mukerji, 2004; Wu et al., 2010). The effect of ectomycorrhiza on the
emission of root VOCs has been studied previously by Krupa and Fries
(1971): roots of Scots pine (Pinus sylvestris) infected by themycorrhizal
fungus Boletus variegates led to an increased production and/or accumu-
lation of volatiles compared with the control roots.
Given that VOCs play a fundamental role in the life of a plant, various
analytical techniques have been developed to determine their identity
(Dib et al., 2010). Classical methods such as solvent extraction and
steam distillation extraction are routinely used, followed by gas chro-
matography–mass spectrometry (GC-MS) analyses. These methods
usually require a large biomass and relevant solvent selection so that
other constituents of the cell do not interfere with the GC-MS analysis
(Bais et al., 2003). By contrast, headspace solid phase microextraction
(HS-SPME) enables rapid ﬁngerprinting of the headspace of a plant
(Bicchi et al., 2000; Bicchi et al., 2007; Muselli et al., 2009; Paolini
et al., 2007) and is recommended as a sensitive and reproducible
technique for identifying VOCs. An attractive feature of this method is
its near in-situ collection of VOCs, and it has been successfully used in
previous analyses of root VOCs (Bais et al., 2003; Mucciarelli et al.,
2007). Until recently, the method most commonly used to collect the
VOCs emitted from plants was still the solvent extraction method.
However, even when methods have involved the HS-SPME technique,
the plant materials have still been dried and ground, or cut into small
pieces (Dib et al., 2010) before collecting the VOCs. Therefore, the VOCs
collected in previous studies may not have been those emitted by plants
during their normal metabolism. By contrast, in this study, we collected
and analyzed the VOCs emitted directly from fresh roots to represent
emissions that occur under normal physiological conditions.
Sorghum (Sorghum bicolor) is the ﬁfth most important cereal crop
(ICRISAT, 2004) and is grown worldwide. The inﬂuence of AM fungi on
sorghum performance has been investigated previously (Bagayoko
et al., 2000; Isopi et al., 1995); however, few studies on root trait compar-
isons have been reported to date andnone comparing the VOC emissions
of mycorrhizal and non-mycorrhizal roots. We hypothesize that the for-
mation of AM may inﬂuence the proﬁle of VOCs in the rhizosphere and
may show species speciﬁcity. In this study, we compared the root traits
and VOC emissions of mycorrhizal and non-mycorrhizal sorghum roots
and examined the inﬂuence of AM fungal species on VOC emissions.
2. Materials and methods
2.1. Experiment design and AM fungal materials
The experiments were laid out in a randomized complete block
design with three treatments (plants inoculated with Glomus mosseae,Glomus intraradices, or without inoculation), and each treatment
contains 14 plants (ﬁve for plant growth responses determination, ﬁve
for the root traits measurement and four for the VOC analysis). For eas-
ier collection and least detriment to the roots, the sorghum plantlets
were planted in river sand. The sand was ﬁrst passed through a 2 mm
sieve and washed with tap water and then sterilized with hot air at
180 °C for 3 h before placing into pots with a 20-cm diameter top
(maximum volume 4 L).
The AM fungal inoculants G. mosseae (BGC NM01A) and G.
intraradices (BGC BJ09), which were bought from Bank of Glomales in
China, comprised spores, mycorrhizal fragments, and infested soil. A
tablespoon of inoculant was added to each pot (approximately 1 g of
inoculant per seedling). Each gram of G. mosseae inoculant contained
23 spores and each gram of G. intraradices inoculant contained 37
spores. The number of spores per gram of soil was determined using a
wet sieving and decanting method (Gerdemann and Nicolson, 1963).
Pots containing the non-mycorrhizal control plants (CK) were mock-
inoculatedwith a tablespoon of sterile inoculum that had been sterilized
by autoclaving.
2.2. Plant and growth conditions
Sorghum bicolor seeds, which were bought from a local supplier
(cultivar, TaiGu LvBao® F1 hybrid), were surface sterilized with 5%
H2O2-solution for 5 min and then rinsed with sterilized distilled
water. The seeds were then left to germinate and grow in sterilized
river sand supplied with tap water only. After the seedlings had
developed two leaves each, four uniform seedlings were transplanted
to each pot containing the sterilized sand and the live or sterile AM
fungal inoculum. Two weeks after transplanting, the seedlings were
thinned to one seedling per pot.
Plants were grown in a glasshouse under natural day/night condi-
tions and each pot of plants was watered with 100 mL of tap water
every three days. Twoweeks after transplanting, 50 mL of Hoagland so-
lution (containing only half the concentration of phosphorus normally
present in Hoagland solution, i.e. to 0.5 mmol L−1 PO4−3) was added
to each pot; this procedure was repeated every two weeks. This low
concentration of P improves plant growthwhilemaintaining high levels
of AM colonization (Gao, 2002). Harvesting was carried out 12 weeks
after transplanting. The mean temperature during the growth period
was 28 °C.
2.3. Root extraction and measurements
At harvest, the pot was soaked in water. The whole root system of
each plant was harvested by carefully washing away the sand with a
gentle water spray to minimize disturbance to the root system. The
plant height, diameter of stem, and the number of leaf were determined
with ﬁve replications. After that the dry weights (80 °C for 48 h) of
shoots and roots were determined separately, and then the root/shoot
ratio was calculated.
For root morphology determination, roots from another ﬁve plants
were separated from shoots with scissor individually and the root
morphological parameters were determined separately for each plant.
Total root length was determined using the gridline intersection meth-
od (Tennant, 1975). The live ﬁne roots (b2-mm diameter) were then
separated from coarse roots (N2-mmdiameter), dead roots, and organic
matter fragments. Only live ﬁne roots were used for further analysis.
Live ﬁne roots were distinguished from the dead roots under a stereo-
microscope based on color, root elasticity, and the degree of cohesion
of cortex, periderm, and stele (Röderstein et al., 2005).
Fine root diameter was determined by examining 100 randomly
selected root segments (1 cm in length) for each plant. Root hair length
was determined by measuring up to 200 root hairs on 50 ﬁne root
segments (1 cm in length) for each sample. Root hair incidence was
assessed by the presence or absence of root hairs in 200 intersections
Table 1
Effects of AM inoculation on growth responses of sorghum plants.
Measurement Treatments⁎
CK G. m. G. i.
Plant height (cm) 35.80 ± 5.26 a 48.60 ± 4.22 b 46.20 ± 2.60 b
Stem diameter (mm) 2.76 ± 0.38 a 4.46 ± 0.31 b 4.70 ± 0.52 b
Leaf number 5.80 ± 0.84 a 6.60 ± 0.55 ab 7.40 ± 1.52 b
Dry weight (g) Shoot 0.48 ± 0.07 a 1.00 ± 0.27 b 1.25 ± 0.22 b
Root 0.21 ± 0.10 a 0.46 ± 0.21 a 0.33 ± 0.10 a
Total 0.69 ± 0.17 a 1.45 ± 0.46 b 1.58 ± 0.23 b
Root:shoot ratio 0.41 ± 0.16 a 0.45 ± 0.12 a 0.27 ± 0.10 a
⁎ Treatments: plants were grown in pots inoculated with sterile inoculum (CK),Glomus
mosseae (G. m.), or Glomus intraradices (G. i.); values are presented as the mean ± the
standard deviation (S.D.), n = 5. Data were compared using Tukey's HSD test: signiﬁcant
differences (P b 0.05) are identiﬁed by different letters within a row.
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Zangaro et al., 2005) for each sample. Fine root diameter and root hair
length were determined using a microscope at ×100 magniﬁcation
with an ocular micrometer (Manjunath and Habte, 1991; Schweiger
et al., 1995). All the fresh root fractions examined above were placed
in a drying chamber at 80 °C until constant weight to obtain the dry
mass. Speciﬁc root length (root length per unit of root mass) was de-
rived from calculating the root length and root dry mass of each plant.
2.4. HS-SPME technique and VOC collection
VOCs emitted by sorghum roots were collected using the HS-SPME
technique. First, the water-ﬂushed roots (described in Section 2.3)
were separated from the shoots using scissors (four independent plants
were used, i.e. n = 4). Approximately 2 g of roots (fresh weight) were
placed in a 25 mL vial (Supelco Inc., Bellefonte, PA, USA) for micro-
distillation (the roots were sheared from the root-crown if necessary).
Samplings were performed using 25 mL vials to reduce headspace
volumes. Two drops of distilled water were added to the surface of
roots to keep them moist. All the above procedures were performed
quickly and gently to minimize disturbance to the roots. The HS-SPME
technique involves adsorption of analytes by a thinﬁlm of the extractive
phase covering the surface of a silica-fused ﬁber. The ﬁber is inserted
directly into the headspace containing the analytes. For all experiments,
a SPME holder 57330-U (Supelco) with a ﬁber coated with
divinylbenzene/carboxen/polydimethylsiloxane (DVD/CAR/PDMS) 50/
30 μm stationary phase/ﬁlm thickness was used. The ﬁber was intro-
duced into the vial while still protected inside the needle of the holder
and then exposed to root headspace for 45 min at 30 °C. It was
extracted and desorbed for at least 10 min into the gas chromatograph
(GC). The ﬁber was reconditioned by inserting it into the GC injector at
220 °C for at least 10 min.
2.5. Gas chromatography–mass spectrometry (GC-MS)
After inserting the SPME needle into the GC injection port, the ﬁber
was pushed out and thermally desorbed for 10 min at 220 °C. Analyses
were carried out using an Agilent 6890 N GC at 230 °C and held in
splitless mode for 1 min. A 30 m × 0.25 mm i.d. DB-Wax capillary col-
umn (Agilent)with a 0.25 μmﬁlm (PEG-20 M) thicknesswas usedwith
the following temperature program: initial temperature 40 °C, temper-
ature rise to 60 °C at the rate of 4 °C/min and held for 10 min, then
ramp of 5 °C/min up to 200 °C and held for 2 min (split/splitless ratio
1:20). The carrier gas was helium at 1 ml/min. GC-MS analysis of
SPME extracts was performed with the GC coupled to a quadrupole
mass spectrometer 5973 MSD (mass selective detector, Agilent). Ion
source temperature, 150 °C; energy ionization, 70 eV; electron ioniza-
tion mass spectra was acquired with a mass range of 35–350 Da. Head-
space components were identiﬁed by comparison with the NIST/EPA/
NIH Mass Spectral Library.
2.6. AM colonization
After the VOC analysis, the root samples (n = 4) were examined to
determine root colonization by AM fungi. The proportion of plant roots
colonized with AM fungi was estimated by staining the roots according
to Phillips and Hayman (1970) and then examining them microscopi-
cally using a gridline intersect method (Giovannetti and Mosse, 1980).
At least 150 randomly selected 1-cm root segments (i.e. 150 cm of
root) were examined per plant.
2.7. Data analysis
Data were checked for normality and homogeneity of variance
before further analysis. Data were statistically analyzed using one-way
analysis of variance (ANOVA), and the means were compared byTukey's HSD (P ≤ 0.05) test using the statistical software SPSS 17.0.0
(Statistical Product and Service Solutions, SPSS Inc. Chicago, IL). AM
colonization data were arcsine square root transformed before the
analysis and presented in the original scale of measurement. Data are
presented as means with their standard deviation.
3. Results
3.1. Plant growth
After 12 weeks growth, both AM fungi formedmycorrhiza with sor-
ghum roots: 65.85% ± 1.97% of roots examined had been colonized by
G. mosseae and 72.25% ± 5.26% of roots examined had been colonized
by G. intraradices. Plants grown in pots inoculated with sterile inoculum
(CK) did not form mycorrhiza.
AM fungi improved the growth of sorghumplants and the results for
both AM fungal treatments were similar. The plant height, stem diame-
ter, leaf number, and shoot mass (including leaf blade) of mycorrhizal
plantswere all signiﬁcantly higher than those of non-mycorrhizal plants
(Table 1). Furthermore, the total masses of the mycorrhizal plants were
signiﬁcantly higher than those of the non-mycorrhizal plants.
Compared with the CK treatment, total biomass was increased by
110% and 129% in the G. mosseae and G. intraradices treatments, respec-
tively. By contrast, the divergences between root masses were not
signiﬁcant even though the mycorrhizal roots showed apparent
increases compared with the non-mycorrhizal roots. Similarly, no sig-
niﬁcant differences between treatments were found for the root:shoot
ratio, although the plants grown in pots inoculated with G. intraradices
did show a decreasing trend.
3.2. Effects of AM inoculation on root traits
The diameter of the ﬁne roots (b2 mm) of sorghum grown in pots
inoculatedwith liveG.mosseae or sterile inoculumwere similar, where-
as the diameter of the ﬁne roots of sorghum grown in pots inoculated
with live G. intraradices were signiﬁcantly greater (Fig. 1a). After
12 weeks growth, the roots of sorghum were extensive and more than
20 m in length (Fig. 1b). In general, mycorrhizal plants had signiﬁcantly
higher values for both total root length and speciﬁc root length than
non-mycorrhizal plants (Fig. 1b, c). Plants that formed mycorrhiza
with G. intraradices had the longest roots (more than twice the length
of non-mycorrhizal plants), whereas plants that formed mycorrhiza
with G. mosseae had the longest speciﬁc roots.
Root-hair incidence for plants grown in pots inoculated with G.
mosseae (15.72%) or G. intraradices (18.30%) was half the level of that
recorded for plants grown in pots inoculated with sterile inoculum
(44.67%) (Fig. 1d, e). A similar situation was also recorded for root-
hair length. Furthermore, the root-hair incidence and root-hair length
of plants grown in pots inoculated with either of the AM fungi were
similar.
Fig. 1. Fine root diameter (a), root length (b), speciﬁc root length (c), root-hair incidence (d), and root-hair length (e) of 12-week-old sorghum plants. Treatments: plants were grown in
pots inoculatedwith sterile inoculum (CK), Glomusmosseae (G.m.), orGlomus intraradices (G. i.). Error bars represent ± the standard deviation (S.D.) (n = 5). Data were compared using
Tukey's HSD test, and signiﬁcant differences (P b0.05) are identiﬁed by different letters within one chart.
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From headspace collections of root emissions, 44 VOCs were identi-
ﬁed by GC-MS in total: 18 from the roots of plants that received the CK
treatment, 21 from the roots of plants grown in pots inoculated with
G. mosseae and 17 from the roots of plants grown in pots inoculated
with G. intraradices (Table 2). Both the components and contents
varied dramatically among the three treatments. Only nine
compounds were detected in more than one treatment: namely, acetic
acid, dianhydromannitol, tetratetracontane, octacosane, heptacosane,
n-decanoic acid, pentaethylene glycol, octadecane, 3-ethyl-5-(2-
ethylbutyl)-, and tetratriacontane.
The linear-alkanes were the most abundant type of VOCs emitted
(Fig. 2), accounting for 73.55% ± 7.93% (CK treatment), 56.75 ± 8.62%
(G. mosseae treatment), and 34.93% ± 1.48% (G. intraradices treatment)
of the VOCs emitted. The single compounds with the highest
emissions for the CK, G. mosseae and G. intraradices treatments
were tetratriacontane (25.95% ± 8.19%), tetratriacontane (32.47% ±
10.98%), and acetic acid (23.98% ± 2.17%), respectively. Compared with
non-mycorrhizal plants, mycorrhizal plants emitted signiﬁcantly more
alcohols, alkenes, ethers and acids but fewer linear-alkanes (P ≤0.05).
Non-mycorrhizal plants did not emit branched-alkanes and mycorrhi-
zal plants did not emit aldehydes. There were no obvious differences
in the quantities of esters emitted by mycorrhizal or non-mycorrhizal
plants (P ≤0.05).
It is noticeable that the VOC proﬁles that were induced by AM fungi
had high species speciﬁcity. The roots of plants grown in pots inoculated
with G. mosseae emitted more linear alkanes and alcohols but fewer
branched alkanes, ketones, acids and phenyl compounds compared
with the roots of plants grown in pots inoculated with G. intraradices.4. Discussion
In this study, we found that AM fungi can alter the proﬁle of VOCs
emitted by roots. Alkaneswere themost abundant type of VOCs emitted
by both mycorrhizal and non-mycorrhizal plants. The VOC emission
proﬁles induced by the AM fungi had species speciﬁcity. Compared
with non-mycorrhizal plants,mycorrhizal plants emittedmore alcohols,
alkenes, ethers and acids but fewer linear alkanes. We also found that
AM fungi enhanced the growth of roots while suppressing root-hair de-
velopment, which supports similar ﬁndings reported in earlier studies.
Mycorrhization of sorghum plants had a positive effect on plant
growth, which may be due to the more limited supply of nutrients to
plants grown in pots inoculated with sterile inoculum (particularly
phosphorus) (Smith and Read, 1997). Similar results have been demon-
strated in several other research studies (Bagayoko et al., 2000; Isopi
et al., 1995). Although not signiﬁcantly different, the slightly smaller
root:shoot ratio recorded for the G. intraradices treatment compared
with the other two treatments may reﬂect that the roots of mycorrhizal
plants had to supply a relatively larger shoot not only with mineral
nutrients but also with water (Kothari et al., 1990).
Roots function dually as a support system and as a nutrient uptake
organ of plants, and their morphology is a reﬂection of their functions.
Here, we found that mycorrhization with AM fungi can greatly change
the morphological traits of sorghum roots. The diameter of ﬁne roots,
total root length and speciﬁc root length of mycorrhizal plants were
all signiﬁcantly greater than those of non-mycorrhizal plants, whereas
the root-hair incidence was signiﬁcantly lower and root-hair length
was signiﬁcantly shorter. Previous studies (Bagayoko et al., 2000; Isopi
et al., 1995) have also reported that mycorrhizal sorghum plants have
a signiﬁcantly greater total root length, speciﬁc root length and more
Table 2
VOCs (mean ± S.D. of the relative peak area, %) emitted from sorghum roots after 30 min HS-SPME.
RT (min) Compounds Relative peak area (%)
Treatments⁎
CK G. m. G. i.
5.81 Acetone – 1.96 ± 1.95 –
6.14 2,5-Dimethoxy-4-(methylsulfonyl)amphetamine 3.52 ± 0.94 – –
9.33 Cyclohexene,1-(2-methylpropyl)- – 4.20 ± 1.40 –
14.10 Ethanol, 2-(hexadecyloxy)- – – 2.83 ± 0.34
19.99 Acetic acid 4.37 ± 0.55a 5.95 ± 2.14a 23.98 ± 2.17b
20.49 Furfural 1.29 ± 0.82 – –
25.15 2-Pyrrolidinone, 1-methyl- – – 2.39 ± 0.63
25.16 Isosorbide 0.96 ± 0.59 – –
25.48 Dianhydromannitol 1.55 ± 0.92a 2.24 ± 1.01a –
30.38 1,2-Benzisothiazole – – 2.68 ± 0.79
30.40 Benzothiazole 2.69 ± 1.51 – –
31.25 Octadecane, 3-ethyl-5-(2-ethylbutyl)- – – 2.29 ± 0.40
31.30 Tetratetracontane – 5.91 ± 3.28a 10.09 ± 0.94a
31.38 Octacosane 17.91 ± 2.30b 9.02 ± 1.08a 6.92 ± 2.32a
31.53 Nonacosane 19.06 ± 1.91 – –
32.14 1b,5,5,6a-Tetramethyl-octahydro-1-oxa-cyclopropa[a]inden-6-one – – 2.38 ± 0.70
32.33 7-Methoxy-2,2,4,8-tetramethyltricyclo[5.3.1.0(4,11)]undecane 1.58 ± 1.29 – –
33.03 Azulene, 1,4-dimethyl-7-(1-methylethyl)- 1.46 ± 0.87 – –
33.04 Naphthalene, 1,6-dimethyl-4-(1-methylethyl)- – 2.08 ± 0.29 –
33.42 Heptacosane 4.83 ± 1.21b 5.14 ± 0.57b 2.13 ± 0.54a
34.08 9H-Fluorene, 9-methylene- 1.78 ± 0.39 – –
34.09 á-N-Normethadol – 1.73 ± 0.80 –
35.03 n-Decanoic acid 2.03 ± 0.50a 2.47 ± 1.15a –
35.16 Octaethylene glycol monododecyl ether – – 1.30 ± 0.02
36.03 Pentaethylene glycol – 0.90 ± 0.27a 1.77 ± 0.14b
36.68 Butyrophenone, 2′,3,4′,6′-tetramethyl- 2.66 ± 0.78 – –a
36.93 Hexagol – 3.51 ± 1.14 –
37.03 Geranyl isovalerate 1.30 ± 0.99 – –
37.04 Methyl 2,3,4-tri-O-acetyl-á-D-xylopyranoside – – 1.66 ± 0.55
37.36 Octadecane, 3-ethyl-5-(2-ethylbutyl)- – 2.79 ± 0.69a 6.23 ± 0.31b
37.46 Tetratriacontane 25.95 ± 8.19a 32.47 ± 10.98a –
37.96 Tetracosane 5.79 ± 1.65 – –
38.39 Hentriacontane – – 15.79 ± 1.52
38.44 Octadecanoic acid – 3.66 ± 0.92 –
38.50 Octadecanoic acid, 2-hydroxy-1,3-propanediyl ester – 1.29 ± 0.33 –
39.28 Pentacosane – 4.21 ± 1.27 –
39.35 Benzene, 1,1′-(1-butenylidene)bis- – – 12.35 ± 0.55
39.38 Benzene, 1,1′-(3-methyl-1-propene-1,3-diyl)bis- – 3.50 ± 1.74 –
39.76 Hexadecanoic acid, 2-(octadecyloxy)ethyl ester – 2.38 ± 1.00 –
40.12 Octaethylene glycol – – 2.07 ± 0.67
40.57 Methyl á-d-ribofuranoside – 1.90 ± 0.31 –
40.61 à-d-Lyxofuranoside, methyl – 2.65 ± 0.37 –
40.82 1,2-Benzenedicarboxylic acid, bis(2-methylpropyl) ester – – 3.15 ± 0.36
40.97 1,2-Benzenedicarboxylic acid, butyl octyl ester 1.25 ± 0.36 – –
RT, retention time; ‘–’ indicates that no compounds were detected.
⁎ Treatments: plants were grown in pots inoculatedwith sterile inoculum (CK), Glomusmosseae (G. m.), or Glomus intraradices (G. i.); values are presented as themean ± S.D. (n = 3–4).
Values in the same row followed by the same letters are not signiﬁcantly different from each other (P b0.05).
Fig. 2. Categories of VOC proﬁles identiﬁed from the sorghum roots of plants grown in pots inoculatedwith G.mosseae (G. m.), G. intraradices (G. i.) or sterile inoculum (CK). Relative peak
areas are used to indicate the relative content of compounds. The total areas exceed 100% because some VOCs belong to more than one category: for example, furfural belongs to the
aldehydes and alkenes, and dianhydromannitol belongs to the alcohols and alkenes.
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(1989) have suggested that the hyphae of AM fungi may perform an
absorbing role at a lower metabolic cost than root-hairs. Therefore, the
development of fewer root hairs on the roots ofmycorrhizal plants com-
pared with the control treatment was not surprising. Foehse and Jungk
(1983) demonstrated that both the density and length of root hairs are
negatively correlated with the plant internal P concentration, which
may explain, at least in part, why the roots of mycorrhizal plants had a
lower root-hair density and were shorter in length compared with the
roots of non-mycorrhizal plants given that AM fungi are known to
increase shoot and root P concentrations.
Plants emit a wide range of VOCs from roots into the surrounding
rhizosphere and many of these compounds mediate important interac-
tions between plants and their environment (Arimura et al., 2005;
Louarn et al., 2012). Although volatile metabolites involved in the
interaction of plant roots and the establishment of infection by
ectomycorrhizal fungi have been documented previously (Krupa and
Fries, 1971; Krupa et al., 1973), the effects of various other microorgan-
isms, particularly the effect of AM fungi on the emission of root VOCs,
have been long neglected. Here, we found that the three treatments
tested resulted in the emission of different root VOC proﬁles. It is
believed that fungal elicitors can stimulate the synthesis of existing
plant metabolites or induce the transient accumulation of new second-
ary metabolite compounds (Bais et al., 2003; DiCosmo and Misawa,
1985). The presence of an endophytic fungus other than AM fungi has
been found to dramatically alter the emission of root volatiles, both
the components and the quantities of VOCs detected (Mucciarelli
et al., 2007). Furthermore, given that root morphology can determine
root function, the signiﬁcant changes induced by AM fungi inoculation
observed in this study may contribute to the differences in the VOCs
emitted. Moreover, the VOCs collected in our study may include some
compounds emitted by the AM fungi given that the roots cannot
completely exclude the fungal tissues. This may be the main reason
why divergences among treatments were so large. Like plants, fungi
also produce a multitude of volatiles, and volatile production and emis-
sion is highly species dependent (Kuske et al., 2005; Larose et al., 2002;
Schnürer et al., 1999).
The two AM fungi tested here induced the emission of distinct VOC
proﬁles from plant roots. Although no direct evidence is available at
present to support this phenomenon, many studies have found similar
results while testing the effects of AM on plant performance. The effect
of mycorrhization on plant growth, mineral nutrition and secondary
metabolites varies depending on the speciﬁc AM fungus involved
(Cavagnaro et al., 2004; Larose et al., 2002; Morandi et al., 1984; Raju
et al., 1990).
Sorghum has a strong phytotoxic impact on weeds, and this toxicity
results from the production and release of phenolics (Zakir et al., 2008
and references therein). Here, we detected signiﬁcant changes in
phenolic compounds among the three treatments, which may indicate
the potential and different roles that distinct AM fungal species play in
plant community determination. Although sorgoleone is a major com-
ponent of the root exudates of sorghum, and is one of the most studied
allelochemicals (Czarnota et al., 2003; Dayan et al., 2010), we did not
detect it in our study. This may be because this compound has low vol-
atility. Indeed, sorgoleone is more likely to be found in root extracts and
exudates.
Low-molecular-weight carbon compounds, such as organic acids,
are readily assimilated by microorganisms and are proposed to play a
primary role in regulating microbial community dynamics in the
rhizosphere (Shi et al., 2011 and references therein). In this study, we
detected three kinds of organic acids (acetic acid, n-decanoic acid and
octadecanoic acid) in the VOCs emitted by sorghum roots. Plants
grown in pots inoculated with G. mosseae induced a greater number of
different types of acids and G. intraradices induced greater quantities
of acids compared with plants grown in pots inoculated with sterile in-
oculum. Fungi are believed to emit a substantial amount of alcohols(Kuske et al., 2005). Here,we also found thatmycorrhized roots emitted
more alcohols than the non-mycorrhized, which may reﬂect alcohol
emissions by the AM fungi rather than the roots.
The function of biogenic VOCs emitted from ﬂowers or fruits are
fairly well-deﬁned; however, the functions of compounds emitted
from roots are less well understood (Kesselmeier and Staudt, 1999).
The functions of most of the VOCs detected in our study are unknown
owing to the limited information available. Further studies to investi-
gate the function of speciﬁc compounds would be useful. However,
based on the limited literature available at present, we can hypothesize
that the VOCs emitted by roots may have important functions in
determining the rhizosphere environment, such as involvement in
plant–fungus interactions (Mucciarelli et al., 2007; Wenke et al.,
2010), the regulation of microbial activity (Lin et al., 2007; Wenke
et al., 2010), and allelopathy (Czarnota et al., 2003; Dayan et al., 2010;
Louarn et al., 2012), as well as contributing to the belowground carbon
cycle (especially alkanes) (Kleinheinz et al., 1999; Wenke et al., 2010).
The different root VOC proﬁles induced by the three different treat-
ments suggest that AM fungi have the ability to change the rhizosphere,
and that those changes have species speciﬁcity.
It is surprising to ﬁnd that AM fungi elicited some novel compounds
such as pentaethylene glycol, hexagol, and pentacosane. Research from
Bais et al. (2003)may add some clues to our ﬁndings, and they believed
that plant cell-wall receptors have been activated by a molecule(s) of a
fungal elicitor to elicit a response(s) leading to the synthesis of volatile
compounds. These novel compounds might have eco-physiological
roles in plant defense or rhizosphere environment determination.
Considering the broad distribution and the importance of AM fungal
associations in terrestrial ecosystems in general andmore speciﬁcally in
agricultural systems (Sawers et al., 2008), there is a need for further
studies to analyze the impact of mycorrhizal associations on root VOCs
emitted by a broad range of species and to elucidate the functional
properties of the volatile fractions from an environmental angle.Acknowledgements
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